Depression of excitability and responsiveness provoked by the action of high K 1^ and epinephrine on short bundles of excised canine Purkinje fibers yields reentrant excitation. An impulse entering a depressed area undergoes marked slowing of conduction; the impulse then may continue forward while also returning through the pathway by which the initiating impulse entered the depressed area. The impulse may be delayed or blocked in either the forward or the retrograde direction. The reentrant excitation can occur in the absence of premature excitation. Various methods of depression of excitability produce return extrasystoles in Purkinje fibers. The common factor is very slow conduction which depends upon the abolition of the fast upstroke and the appearance of a low-voltage, slowly propagated action potential that is readily blocked.
• That reentry of excitation within the ventricle or the ventricular conducting system might cause extrasystoles and other disturbances of ventricular rhythm has been a widely held hypothesis for many decades. Yet it has proved surprisingly difficult to evoke unequivocal reentry under experimental con-•ditions. Doubt has also been expressed that reentry could arise from slow conduction, which has led to efforts to obtain reentry by methods that shorten the refractory period. We have recently shown that short segments of depressed fibers of the ventricular conducting system may show very slow conduction, one-way conduction, summation, and inhibition (1, 2) . Those properties are sufficient to create reentry, and we have now demonstrated reentry secondary to slow conduction. We report elsewhere (3) that the presence of slow conduction and of areas of one-way block make possible circus movement around loops of Purkinje fibers 20 to 30 mm in length. In the present article we report on a form of reentry seen in short depressed segments of bundles of Purkinje fibers (false tendons) that appear under the dissecting microscope at a magnification of 25 X as unbranched. Although these bundles contain more than one fiber, as well as syncytial interconnections, they do not contain any structure that could be described as grossly circuitous. On a descriptive level, this form of reentry differs in many ways from circus movement around a grossly circuitous loop.
In the form of reentry described below, an impulse arriving at a depressed area in an unbranched bundle of fibers undergoes marked delay. After that delay, an impulse may continue in the forward direction while an impulse is reflected back in the direction from which the original impulse came. The fact that this sort of reentry can appear at a short depressed segment of the ventricular conducting system makes it a possible mechanism for extrasystoles and coupled extrasystoles. The results presented below offer direct evidence that ventricular extrasystoles can result from reentry within the ventricle itself as well as showing that such reentry can result from slow conduction.
Methods
In studying depression obtained by alterations in the ionic environment of the tissue, each trial was conducted on a bundle of fibers of the ventricular conducting system. When reentry appeared in such an experiment we attempted to trace its pathway and to determine its characteristics. Bundles of free-running Purkinje fibers were isolated from the canine heart. Mongrel dogs were anesthetized with pentobarbital sodium 30 mg/kg iv. The chest was opened, and the heart quickly excised and placed in cool, oxygenated, modified Tyrode's solution (1) . False tendons with attached bits of ventricular muscle at each end were dissected free from both ventricles. The preparation was then pinned to the wax base of a 20-ml tissue bath and perfused with Tyrode's solution gassed with 95% O 2 and 5% CO.,. Temperature was maintained between 35° and 37°C.
The tissue was stimulated electrically through fine Teflon-coated bipolar silver wire electrodes. Transmembrane action potentials were recorded simultaneously from three sites on the false tendon. These sites are indicated for each experiment in the figures. The electronic instrumentation has previously been described (1) . In one method of depression of excitability, part of a bundle was encased in agar (1) containing a high concentration of K + and Z-epinephrine. The agar was allowed to cool to about 45°C before 0.5 ml of 1:1000 epinephrine was added to produce a concentration in the agar of about 5 X 10~°M. In the second method the entire preparation was perfused with a modified Tyrode solution containing 16 mM K + and Z-epinephrine at concentrations between 2 X 10" 6 M and 1 X 10~5. In one experiment K + was 10 mM, Na + was reduced to 75% of its normal value and epinephrine was present in a concentration of 5 X 10-°M; because no replacement of NaCl had been made, that solution was slightly hypotonic. Essentially identical phenomena were seen no matter which of the above methods was used to depress excitability.
Results
The records shown in Figures 1-3 were obtained from the preparation shown diagrammatically in Figure 1A . The preparation was depressed by perfusing it with a solution 4 56
FIGURE 1
A shows the preparation from which the tracings shown in B and C and in Figures 2 and 3 were obtained. Eight recording sites are identified by numbers and the site of the stimulating electrode is labeled S. The records shown in B were obtained from sites 3 (top), 7 (middle) and 8 (bottom) . The driven impulse reaches 8, 7 and 3 and is followed by a reentrant impulse that appears at sites 3 and 7 but does not elicit an action potential at site 8. The tracings shown in C were obtained from sites 3, 7, and 1. The driven impulse passes site 8 to reach site 3 but is blocked before it reaches site 1; the secondary impulse arises between sites 1 and 3, traveling forward to site 1 and retrograde to sites 3 and 7. In B and C the time marks appear at 100 msec intervals; the horizontal calibration represents 500 msecs; the vertical, 100 mv. containing 15% of the normal level of NaCl, 10 DIM K + , and 5 X 10~°M epinephrine (see Methods). The branches were attached to a strip of myocardium as shown in the diagram; the numbers refer to recording sites; the position of the stimulating electrode is labeled S. The stimulus artifacts in all records have been intensified to make clear which action potentials were evoked by applied stimuli and which were reentrant. The frequency with which reentry occurred depended on the drive rate. The figures were selected to show variations in delay and block in the forward and retrograde direction; they therefore contain .only tracings in which reentry occurred. Figure IB shows records obtained from sites 3, 7, and 8-i.e., from each branch and from the main bundle. Preliminary exploration of the preparation showed that excitation was never conducted from one branch to the other through the attached muscle. The driven impulse arose at Si, traveled to 8, and from 8 traveled both around into the other branch to reach 7 and down the main bundle to reach 3. The reentrant impulse arose in the main bundle and traveled back along it to reach 7 but was unable to reach 8 because of one-way block in the branch containing 8.
Since reentry never occurred at site 8, the electrode was moved from 8 to 1 to study the impulses in the main bundle. Site 1 responded (Fig. 1C ) to the driven impulse with a slow, low-voltage deflection followed by an action potential whose upstroke was approximately synchronous with the impulse that, as before, returned from 3 to 7. The upstroke at 1 followed that at 3, showing that the returning impulse did not arise distal to 1 and spread in a retrograde direction from 1 to 3. Either the driven impulse reached 1 after a long delay and a long slow step or it never reached 1, but an impulse arising somewhere between 1 and 3 traveled forward to activate 1 and backward to activate 3. In the latter case the initial slow, low-voltage deflection seen at 1 corresponds to the blocked driven impulse, and the second slow foot followed by a faster upstroke is a second impulse. That interpretation is substantiated by the following records and is used as the framework for describing them.
The events shown in Figure 2 may be interpreted as follows: in A-F an impulse always appears at the most distal point of the main bundle (site 1), but the delay with which it appears at that site increases from A to F. In A the impulse appears at 1 with B H FIGURE 2 Figure 1A . In A-I the driven impulse is conducted past 3 and 7 but reaches 1 only with great delay and after a long, slow step. In A-D partial return of an impulse to site 3 is manifested by a hump in the repolarization limb of the primary impulse, in E full return of excitation to sites 3 and 7 is seen. In F-I excitation always returns to sites 3 and 7 but appears at site 1 with increasing delay until in J forward propagation to site 1 is blocked. Time marks appear at 100-msec intervab. The horizontal calibration represents 500 msec; the vertical, 100 mv. minimum delay but excitation fails to travel retrograde to 3, causing only a small deflection in the repolarization limb of the driven impulse. As the delay with which the impulse appears at 1 increases, the size of the response at 3 increases until, in E, the action potential at 3 is capable of propagation, as shown by a second response at 7. When the impulse at 1 appears later (F) the response at 3 shows a rapid upstroke and conducts relatively rapidly from 3 to 7. Delay occurring before the appearance of the impulse at 1 plus delay in retrograde conduction of excitation appear to determine whether the returning impulse can cause excitation at site 3.
Records obtained from sites 3 (top), 7 (middle) and 1 (bottom) shown in
In Figure 2 , G-J show that under certain conditions excitation may return in the retrograde direction while blocking in the forward. G is similar to E in that an impulse appears at 1 with considerable delay and 3 responds with a slow upstroke that is able to propagate back to 7. In G-I, however, the delay with which excitation appears at 1 steadily increases until in J there is no fast upstroke at 1. This increase in delay of excitation at 1 is not paralleled by riGURE 3
The records shown in A-C were obtained from a site near the center of the main bundle (site 4) and from two sites (1 and 2) remote from the drive site. The records in D-F were obtained at a site remote from the drive site (1) and from two sites nearer the drive site (5 and 6) . Delayed transmission of the forward impulse without reentry is seen in A and D; delayed forward transmission combined with reentry is seen in B and E; reentry combined with block of forward transmission is seen in C and F. an increase in delay of excitation at 3; thus delay of excitation at 1 may occur independently of delay in the retrograde direction. The two slow deflections seen at 1 in J suggest, but do not prove, that there are two impulses in the forward direction, a driven impulse that is always blocked and a second impulse that is blocked in J but not in A-I.
The essential features shown in Figure 2 are that forward transmission may occur with delay but without reentry (A), that forward transmission with delay may be combined with reentry (E-I), and that reentry may occur in the absence of forward transmission (J).
These same features are shown in Figure 3 in records obtained from other sites. In A-C, two of the recording sites (1 and 2) were close together and were remote from the drive site. A shows forward transmission without reentry; B shows forward transmission and reentry; C shows reentry without forward transmission. The same phenomena, shown in D-F, were seen when two of the recording sites (5 and 6) were close together and relatively near the stimulus site. The records shown in A-C and in D-F were selected from a longer series of records in which all of the phenomena shown in Figure 2 were seen, including progresssive delay in the appearance of the forward impulse and abortive reentry signaled by a hump in the repolarization limb of the upper trace. After the above exploration had been completed, the electrodes were returned to approximately the same recording sites used at the beginning. Reentry to sites 3 and 7 but not to 8 was essentially the same as that shown in Figure 1 . The conditions of spread thus remained stable during the mapping, which occupied nearly 2 hours.
In the preparation shown in Figure 4 the central portion of a linear bundle of fibers of the ventricular conducting system was encased between two layers of agar containing high K + and epinephrine (see Methods and ref. 1). Stimuli were applied at a regular rate to one end (Si). Records were obtained from the depressed segment by impaling a cell through the agar (middle trace) and from each end of the bundle outside the agar (top and bottom traces). The arrangement of stimulating and recording electrodes is shown in a diagram at the bottom of Figure 4 . The driven impulses, which always arose at the end near site a, are labeled 1, 2, etc. They were always conducted in the same direction, from a to b toward c. The impulses that appear with variable delay at c are labeled 1', 2', etc., and the returning impulses are referred to in the same way.
In the following analysis the delay referred to is that between the upstroke of the impulse at a and the upstroke of the impulse at c. In A the interval between impulse 1 and impulse 1' is 130 msec; partial reentry is manifested only by a small departure from smoothness in the repolarization limb of impulse 1 at & and by a similar, far smaller, deflection in the repolarization limb of impulse 1 at a. The interval Circulation Research, Vol. XXX, January 1972 between impulse 2 and impulse 2' is 185 msec; the returning impulse produces a large response with an upstroke at b, but causes only a small low-voltage deflection at a and thus falls short of full reentry. Impulse 3 is followed at c by a low-voltage slow deflection and then by impulse 3' with the marked delay of 370 msec. The reentrant impulse makes a full return, producing a rapid upstroke at b and at a. The response evoked at a by reentrant impulse 3' occurs prior to the next stimulus, so that stimulus 4 falls in the refractory period of the reentrant impulse and is ineffective.
The first and second sets of impulses in B are similar to those in A. Impulse 3, probably blocked between b and c, fails to evoke a response at c. There is not even partial reentry and there are no humps on the repolarization limb at a or b. Perhaps because impulse 3 evokes no reentrant activity (and thus no refractoriness), impulse 4 is conducted more swiftly to b and c, producing only abortive reentry of the sort seen in Al and Bl; impulse 5, however, evokes response 5' at c with a delay of 220 msec, and there is a full return of the reentrant impulse. That stimulus 6 is ineffective because it falls within the refractory period of the return impulse becomes evident if one allows for the conduction time from site a to the stimulus site. The complex cycle shown in B is repeated twice in C and D and then, by a very small shift in conduction times, becomes replaced by a cycle of three impulses. Two such cycles of three impulses are analyzed below as a cycle of six impulses to facilitate comparison with the cycles shown in B-D.
In E, impulses 1 and 1' resemble the corresponding impulses in A-D. The delayed impulse 2', however, appears 220 msec after impulse 2 instead of 185 msec later as in A or B or 200-205 msec later as in C or D. This is late enough to permit the reentrant impulse to return all the way to a, thus rendering stimulus 3 ineffective. The sequence repeats itself in E4, 5 and 6, and again in Fl, 2 and 3 and F4, 5 and 6. The marked difference in the pattern between C or D on the one hand, and E and F on the other hand, depends solely on the fact that impulse 2' appears at c 15 msec later in E and F than in C or D. That small additional delay means that reentry of impulse 2' can return to a, blocking stimulus 3 in E and F instead of making a partial return as in A-D.
Need for Delay.-Forward propagation is limited only by depression in the fibers into which the impulse must travel while retrograde propagation meets the further obstacle of the refractory period of the primary impulse. Delay in the appearance of the potentially reentrant impulse is thus crucial for full return in the retrograde direction.
The effects of such delay are shown in Figure 5 , which shows records from the same preparation shown in Figure 4 . As the delay increases progressively in A, evidence of partial return appears in the form of a small deflection at b. With greater delay, the deflection at b becomes larger; finally, at the greatest delay a fully reentrant impulse appears. The next driven impulse was blocked by the refractory period of the reentrant impulse, and the cycle of lengthening resumed. B shows that transmission in the opposite direction through the depressed segment at the same rate is more rapid; a small hump in the repolarization limb at b Records obtained from the linear bundle of Purkinje fibers containing a depressed segment as shown in Figure 4 . When the impulse passes the depressed segment in one direction (A) delay between the upstrokes at sites a and c increases progressively until full reentry occurs in the final set of tracings. In B excitation traverses the fiber in the opposite direction; less marked delay is seen and there is no reentry. Horizontal calibration, 500 msec; vertical, 100 mv. resembles that seen in abortive reentry but there is no suggestion of a second response at a or c.
The influence of delay on the appearance of reentry was also analyzed by studying every driven impulse in each of two experiments and correlating the delay between the impulse recorded near the drive site and the impulse delayed in the depressed segment with the presence or absence of reentry. In one preparation the delay between the impulses ranged from 100 msec to 330 msec. When the delays were between 100 msec and 240 msec, reentry never occurred; when the delay was 250 msec or longer, reentry invariably occurred. In another experiment the delay Relative frequency of reentry as a function of drive rate. The ordinale shoivs percent of reentrant impulses, i.e., the ratio of driven impulses followed by reentrant impulses to the total number of driven impulses. Thus, if every other driven impulse was followed by a reentrant impulse the ratio is 50%. The abscissa shows stimulus interval in msec on a linear scale; rate is shown beneath on a scale that is necessarily nonlinear since rate and stimulus interval are reciprocally related.
Circulation Research, Vol. XXX, January 1972
ranged from 100 msec to nearly 300 msec. In that preparation, when the delay was 100 msec-217 msec, reentry never occurred; when the delay was 225 msec or longer, it invariably occurred. These results are typical of those seen when the conditions permitting reentry are present: below a certain delay in conduction through the depressed segment there is no reentry; above a certain delay there is always reentry.
Effect of Rate on Reentry.-Delay of the transmission of an impulse through a depressed segment is strikingly sensitive to rate (1, 2) . Since reentry depends on delay, it should also depend on rate. Figure 6 shows the frequency of reentry in the preparation whose records are shown in Figures 1-3 . At the low rate of 20/min, each driven impulse evoked a reentrant impulse, but at a rate of 30/min reentry almost vanished. When the rate was increased to 43/min every other driven impulse evoked a reentrant impulse, and further increases in rate again diminished the frequency of reentry. Since either too low or too high a rate may enhance depression in a depressed segment it is not surprising that either decrease or increase of rate may make reentry of this kind more common; the effect of rate on the level of depression is considered in the discussion.
Reentry Secondary to a Premature Excitation.-Since reentry is facilitated by delay, a premature impulse delayed by propagating in the partially refractory period might provoke reentry more readily than a regular impulse. Figure 7 shows the effects of premature stimuli applied at different intervals; the preparation and conditions are the same as those described for Figure 4 but the arrangement of the traces is different. The driven and premature impulses arise near site a in each record. In A, a premature impulse evoked 225 msec after the drive reaches a and b but does not evoke a response at c, where only a small, slow deflection is seen. In B a premature impulse evoked 275 msec after the drive excites a response at c. A response returns to b and a, effecting full reentry. When the premature stimulus was applied only slightly later in C (288 msec after the drive), the familiar effect is seen of a late premature impulse traveling more rapidly than an early premature impulse, with the result that the response at c appears earlier than it did in B; that response is followed by an impulse that returns to b but reaches a during the refractory period of the premature impulse and evokes a response that might not be capable of further propagation. In D we see the effect of a stimulus applied 338 msec after the drive. The lateness of this impulse is such that it reaches a, h and c rapidly; the delay between b and c that is associated with reentry is absent and no reentry is seen. Thus a very early impulse fails to evoke reentry because it fails to propagate into the critical area from which the returning impulse apparently arises; a slightly later impulse evoked a full reentrant impulse; and a still later impulse failed to evoke a fully reentrant cycle because, arising a little later, it traveled with less delay. The late impulse traveled rapidly in the forward direction and reached the critical area only after that area had recovered from the effects of the driven impulse so that the depression permitting reentry was no longer present.
Discussion
Effect of the Depressant Agents.-In our previous studies (1, 2) depression was induced by high K + . In the present study solutions containing rather less elevated K + and a somewhat lowered Na + plus epinephrine, and solutions or agar containing high K + and epinephrine induced depression of conduction velocity, slow upstrokes and block at critical regions. It is known that a combination of high K + and epinephrine produces slowly propagated potentials (4) and that epinephrine never produces phase 4 depolarization or spontaneous activity in the presence of high K + (3) (4) (5) . The ways in which the necessary level of slow conduction might appear in the whole heart have been discussed previously (2) .
Role of the Refractory Period.-Reentry can occur only after the heart has recovered from the refractoriness induced by the primary impulse. In some of our experiments reentry occurred in the absence of premature excitation, but our records also show that full reentry sometimes can be aborted if the secondary impulse arises before the fiber in which it returns has recovered its excitability. Thus local shortening of the refractory period can favor reentry (6, 7) .
Phenomenology of Return Excitation.-The properties we have observed are these: (1) Return excitation occurs only when the initiating driven impulse reaches an area where excitability is depressed. (2) After some delay, an impulse may be conducted backward or forward or both. Effect of prematurity on the appearance of reentry. In A the second driven impulse is followed by a premature impulse that is not followed by reentry. In B and C premature impulses applied somewhat later are followed by reentry; in D a still later impulse is not followed by reentry. See text for discussion. The horizontal calibration, 1 second; the vertical, 100 mv. one may see either or both or neither. The depressed site sends at most one impulse forward and one backward, causing the appearance of at most two excitations in the entering pathway and at most one in the forward pathway. This description fits the records shown in this paper as well as records from some 20 other preparations in which we have seen either full or abortive reflection; it also agrees with many analyses of AV nodal return extrasystoles in the electrocardiographic and electrophysiological literature (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) .
Delay and Rate in Reentry.-Reentry may be present at a low rate, become less frequent or vanish at a moderate rate, reappear at a faster rate and become less frequent at a still faster rate ( Fig. 7) , an observation that may be explained as follows. An increase from a low to a moderate rate may improve the responsiveness of the depressed area by the familiar "warming-up" phenomenon (2, 18) in which each excitation of a depressed fiber enhances the excitability of that fiber by postexcitatory hyperpolarization. Such improvement may lessen the delay at the depressed area enough to abolish reentry when a low rate is changed to a moderate rate. A further increase in rate may increase delay either by the Wenckebach or related phenomena, thus causing reentry to reappear. Finally, a further increase in rate may, by Wedensky inhibition, wholly abolish the ability of the impulse to invade the depressed area, again abolishing reentry. These effects of rate on propagation through depressed fibers have been shown and discussed by us previous-] (1, 2); some of them were predicted by Ashman and Hull (19) . Increase of rate may thus abolish reentry either by improving conduction through a depressed area or by abolishing conduction into such an area. It would be interesting to know which mechanism is seen clinically when the rate is increased to suppress extrasystoles; Figure 7 suggests that it may well be the latter. impulse to find a circuitous reentrant pathway within the syncytium of the discrete depressed segment that would permit the initiating impulse to enter one fiber, travel via another to a third fiber and reflect via the third fiber. This is essentially the model proposed by Schmitt and Erlanger (Fig. 5 of ref. 20) , and all models for return extrasystole at the AV node (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) are variants of it. The possibility that circuitous reentry can occur within a small circuit at the level of the syncytial interconnections that exist among cells of the myocardium, the ventricular conducting system, or the atrioventricular node, has always been both plausible and appealing (21) , and is by far the most likely explanation for return extrasystole or nodal echo (9, 15) . To postulate such circuitous reentry within the short depressed segments that we have studied is reasonable. Proof that the phenomenon described above results from such' circuitous reentry would also be proof that such a reentry can actually occur on the level of syncytial interconnections.
We have previously shown that a fast upstroke interrupting a slow, low-voltage response in a depressed segment may actually occur after the fast upstroke seen beyond the depressed segment (1). We have suggested that "the slow component might be able to propagate . . . and trigger a normal action potential in the more excitable fiber beyond the depressed segment" so that the "rapid upstroke within the depressed segment would . . . result from the retrograde depolarization of the depressed segment by cells beyond it." If further investigation shows that this conjecture is correct and that the delayed upstroke in the depressed fiber can propagate in the retrograde direction, then reentry of the kind we have described might arise by reflection of excitation in a single fiber.
Implications for the Whole Heart.-We have previously shown that conduction slow enough to permit reentry occurs in cardiac tissues and that the necessary delay can occur over very short segments (1, 2) . We now find that the presence of such slow conduction in segments as short as 6 mm generates reentry that has the characteristics needed to produce the well-known phenomena of ordinary extrasystoles, coupled extrasystoles, and return extrasystoles (echo beats). The reentry we have demonstrated resembles that seen clinically in that its occurrence does not require premature excitation. It thus may be the cause of a very large class of extrasystoles and ventricular arrhythmias.
